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SUMMARY 

Longi tudina l  mode s e l e c t i o n  by i n j e c t i o n  has  been demostrated as a v i a b l e  
technique  f o r  t a i l o r i n g  a TEA-CO2 laser with p u l s e  ene rg ie s  of a J o u l e  o r  g r e a t e r  
t o  f i t  t h e  requirements of a coherent  l i d a r  t r a n s m i t t e r .  Once r e l i a b l e  gene ra t ion  
of single-longitudinal-mode (SLM) pulses  i s  obta ined ,  one can s tudy  t h e  i n t r a p u l s e  
f requency v a r i a t i o n  and a t tempt  t o  determine t h e  sources  of frequency sweeping, o r  
ch i rp .  These sources  inc lude  t h e  e f f e c t  of t h e  decaying plasma, t h e  thermal gra-  
d i e n t  due t o  t h e  energy d i s s i p a t i o n  a s soc ia t ed  wi th  t h e  laser  mechanism i t s e l f ,  and 
t h e  p re s su re  s h i f t  of t h e  c e n t e r  frequency of t h e  laser t r a n s i t i o n .  The use  of t h e  
posi t ive-branch uns t ab le  r e sona to r  a s  an e f f i c i e n t  means of coupl ing a d ischarge  
wi th  t r a n s v e r s e  s p a t i a l  dimensions of the o rde r  of cen t ime te r s  t o  an o p t i c a l  c a v i t y  
mode in t roduces  ano the r  concern: namely, what can be done t o  emphasize t r a n s v e r s e  
mode d i s c r i m i n a t i o n  i n  an  uns t ab le  resonator  c a v i t y  whi le  maintaining h igh  coupl ing  
e f f i c i e n c y .  These i s s u e s  are b r i e f l y  discussed i n  t h e  paper ,  and r e p r e s e n t a t i v e  
experimental  examples are included.  

DESCRIPTION OF EXPERIMENTAL APPARATUS 

Mode s e l e c t i o n  i n  a TEA-CO2 laser cav i ty  through t h e  use of i n j e c t i o n  tech-  
n iques  provides  h igh  peak-power SLM pulses  wi th  r e l a t i v e l y  low i n t e n s i t i e s  of in -  
j ec t ed  r a d i a t i o n  [ r e f s .  1 ,2] .  Provided the  s e l e c t e d  mode i s  near  t h e  c e n t e r  of t h e  
pressure-broadened TEA-CO2 ga in  t r a n s i t i o n  and t h e  frequency proximity requirements  
are m e t ,  as l i t t l e  as 10 p w  of i n j e c t e d  power i s  s u f f i c i e n t  t o  ensure  a s i n g l e -  
f requency p u l s e  wi th  peak power of s eve ra l  Megawatts. 

An exper imenta l  coherent  C 0 2  l i d a r  h a s  been developed a t  JPL  which uses  a n  
i n j e c t i o n - c o n t r o l l e d  TEA-CO2 t r ansmi t t e r .  The i n j e c t i o n  c o n t r o l  technique has  been 
r e f i n e d  t o  t h e  l e v e l  a t  which t h i s  l i d a r  has  been used t o  measure v e r t i c a l  p r o f i l e s  
of a tmospheric  b a c k s c a t t e r  and atmospheric wind v e l o c i t y  on s e v e r a l  occas ions ,  w i th  
p a r t i c u l a r  emphasis on c o l l e c t i n g  v e r t i c a l  a e r o s o l  b a c k s c a t t e r  p r o f i l e  w i t h  enough 
frequency dur ing  t h e  p a s t  f o u r  yea r s  t o  p e r m i t  a s t a t i s t i ca l  a n a l y s i s  of s easona l  
d i f f e r e n c e s ,  t r e n d s ,  etc.  The s t u d i e s  of i n j e c t i o n  c o n t r o l  of t h e  laser have been 
repor ted  i n  t h e  l i t e r a t u r e  [ r e f s .  1-41. The l i d a r  o p t i c a l  block diagram, i n d i c a t i n g  
t h e  front-end i n j e c t i o n ,  i s  d isp layed  i n  F igure  1. A b r i e f  d e s c r i p t i o n  fol lows.  
The TEA-CO2 laser i s  a modified Lumonics model 102-2 normally operated a t  p r e s s u r e s  
around 760 t o r r  w i t h  a f lowing gas  mixture of He:C02:N2 (85:9:6). The g a i n  s e c t i o n  
i s  80 c m  and t h e  t o t a l  c a v i t y  l eng th  i s  2.4 m, corresponding t o  a l o n g i t u d i n a l  mode 
spac ing  of 62.5 MHz. The o p t i c a l  c a v i t y  i s  formed from a L i t t row mounted r e f l e c t i o n  
g r a t i n g  (150 lines/mm) and a germanium meniscus convex output  coupler .  The i n s i d e  

55 



and o u t s i d e  r a d i i  of curva ture  of t h e  G e  coupler  are 15 m and 41.5 m,  r e s p e c t i v e l y ,  
and both su r faces  are  AR coated f o r  10.6 pm t o  a diameter  of 40 mm. The c e n t r a l  
14.6 mm square  area of t h e  i n s i d e  s u r f a c e  i s  uncoated y i e l d i n g  an  i n t e n s i t y  re- 
f l e c t i o n  c o e f f i c i e n t  f o r  normal inc idence  of approximately 40%. This  p o s i t i v e  
branch u n s t a b l e  resonator  c a v i t y  has a magni f ica t ion  of approximately - 2.2 (frat- 
t i o n a l  power l o s s  p e r  r o u n d t r i p  = 80%) and provides  a n e a r - d i f f r a c t i o n  l i m i t e d  
f a r - f i e l d  pa t t e rn .  The i n j e c t i o n  o s c i l l a t o r  is  a CW C02 waveguide laser operated 
a t  a p re s su re  near 200 t o r r .  The waveguide laser energy which i s  r e f l e c t e d  by t h e  
TEA laser o p t i c a l  c a v i t y  i s  focused onto  a cooled HgCdTe photodetec tor .  This  de- 
t e c t o r  s i g n a l  i s  used as a d i a g n o s t i c  f o r  automatic  (feedback loop)  c o n t r o l  of t h e  
r e l a t i o n s h i p  between t h e  waveguide laser frequency and t h e  l o n g i t u d i n a l  mode f r e -  
quencies  (mc/2L) of t h e  TEA cav i ty .  

The frequency s t a b i l i t y  of t h e  in j ec t ion -con t ro l l ed  TEA-C02 laser w a s  examined 
by a heterodyne technique, schemat ica l ly  i l l u s t r a t e d  i n  Fig.  2. The s i g n a l  w a s  
recorded a t  30 MHz i n t e rmed ia t e  frequency corresponding t o  the c e n t e r  frequency 
of t h e  f i l t e r / a m p l i f i e r .  I n  o rde r  no t  t o  use  t h e  t r a n s i e n t  d i g i t i z e r  a t  a speed 
h ighe r  than  50 MHz, where t h e  A/D conversion w a s  no t  a c c u r a t e  enough f o r  our  
purpose,  t h e  30 MHz I F  s i g n a l  w a s  converted t o  10 MHz through a n  RF mixer fol lowed 
by a 20 MHz f i l t e r .  The time evo lu t ion  of t h e  per iod  of t h e  I F  s i g n a l  w a s  ca lcu-  
l a t e d  wi th  a temporal r e s o l u t i o n  equ iva len t  t o  2 pe r iods  (200 n s )  i n  order  t o  
improve t h e  accurancy of t h e  frequency measurement (300 kHz). Representa t ive  
examples of r e s u l t s  w i l l  be shown fo l lowing  a b r i e f  d i scuss ion  of sources  of 
frequency sweeping. 

INTRAPULSE FREQUENCY SWEEPING 

The frequency sweeping o€ t h e  laser fo l lows  any changes i n  t h e  c a v i t y  r e f r a c -  
t i v e  index,  n ,  a t  t h e  s e l e c t e d  mode frequency. The t h r e e  major p o t e n t i a l  sources  
of phase s h i f t i n g  due t o  r e f r a c t i v e  index temporal v a r i a t i o n s  a r e  b r i e f l y  d iscussed  
i n  t h e  fo l lowing  paragraphs.  

The r e f r a c t i v e  index v a r i a t i o n  a s s o c i a t e d  wi th  t h e  time dependent e l e c t r o n  
dens i ty  i n  t h e  decaying d ischarge  plasma occurs  mainly during the  i n i t i a l  p a r t  of 
t h e  pu l se  build-up time but  may s t i l l  r ep resen t  a s u b s t a n t i a l  r e f r a c t i v e  index 
p e r t u r b a t i o n  a t  the  t i m e  of t h e  peak of t h e  o p t i c a l  pu l se  [ r e f .  51. This  e f f e c t  
a l s o  causes  t h e  mode s e l e c t i o n  zone t o  be o f f s e t  s l i g h t l y  wi th  respect t o  t h e  
frequency of t h e  s e l e c t e d  mode of t h e  pre-discharge TEA laser c a v i t y  [ r e f .  31. 
Assuming f o r  our laser an  average e l e c t r o n  d e n s i t  of cm-3 dur ing  a 0.5~1s 
e x c i t a t i o n  pulse ,  t h e  plasma frequency u i s  2.10" 112. The frequency change, 

P i n  t h e  laser c a v i t y ,  due t o  t h i s  e l e c t r o n  d e n s i t y  i s  c a l c u l a t e d  t o  be about  
5 MHz. (The observed frequency d e v i a t i o n  n e a r  t h e  t i m e  of t h e  appearance of t h e  
gainswitched-spike-maximum (GSSM) i s  approximately 2 MHz). 

One should a l s o  cons ider  t h e  mode p u l l i n g  e f f e c t  a r i s i n g  from t h e  frequency 
d i f f e r e n c e  between t h e  TEA molecular ga in  curve maximum u o  and t h e  i n j e c t e d  
r a d i a t i o n  frequency U i  co inc iden t  wi th  t h e  resonant  mode of t h e  empty r e sona to r .  
The equ iva len t  frequency p u l l i n g  i s :  
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where c is t h e  l € g h t  v e l o c i t y ,  A v o  is the h a l f  width h a l f  maximum of t h e  TEA 
molecular  g a i n  curve ,  g is  t h e  g a i n  of the medium i n  t h e  c a v i t y ,  and AIL i s  t h e  
f i l l i n g  f a c t o r .  
f requency of a low p res su re  (10 t o r r )  C02 laser tuned t o  t h e  same l i n e  as t h a t  
of t h e  TEA laser. A c a r e f u l  s tudy  of the  p re s su re  s h i f t  of CO 2 t r a n s i t i o n  f r e -  
quencies  w a s  done by SooHoo e t  a l .  [ r e f .  61 with t h e  p re s su re  ranging from 10-2 
t o r r  t o  1 t o r r ,  but  l i t t l e  i s  known about t h e  p re s su re  s h i f t  between 10 t o r r  and 1 
a t m .  The problem i s  f u r t h e r  complicated by the  dependence on t h e  gas  mixing 
composition. Refer r ing  t o  Agalakov's work [ r e f .  71, one may c a l c u l a t e  a s h i f t  of 
+240 MHz f o r  a 10% C02 90% H e  gas mix and l i n e s  i n  t h e  P branch. 
Jordan [ r e f .  81 measured a very s m a l l  s h i f t  of -5 MHz f o r  a 40% C02, 20% N2, 40X 
He gas m i x .  This small s h i f t  appears t o  be c o n s i s t e n t  wi th  Agalakov's work, because 
i t  can be a t t r i b u t e d  t o  a c a n c e l l a t i o n  of s h i f t s  of oppos i t e  s i g n  caused by C02 
- C02 ( o r  C02 - N 2 )  and C02 - He c o l l i s i o n s .  
l a r g e  enough t o  indu  e a 
from 0 t o  2.10'2 cm-'. The mode p u l l i n g  due t o  the  s a t u r a t i o n  of t h e  C 0 2  
molecules i n  the  non-active reg ion  of the c a v i t y  i s  an  o rde r  of magnitude smaller 
and can be neglected.  

The i n j e c t e d  laser  frequency normally corresponds t o  t h e  c e n t e r  

Ho l l in s  and 

A p re s su re  s h i f t  of +240 MHz i s  
2MHz mode pu l l ing  when t h e  g a i n  c o e f f i c i e n t  g i s  changing 

F i n a l l y ,  laser- induced medium pe r tu rba t ion  (LIMP) has been found t o  be a major 
cause of changes i n  frequency v dur ing  the o p t i c a l  pu l se  and i s  r e l a t e d  i n  t h e  
fo l lowing  way t o  t h e  output  energy E ,  t h e  beam r a d i u s  u, and t h e  c a v i t y  l eng th  L 
191 : 

AV = 2KRv E t2 = u t 2  
TI c, Y4L 

where K i s  t h e  Gladstone-Dale cons t an t  and R,  Cv t he  usua l  thermodynamic cons t an t s .  
For a c a v i t y  wi th  t r ansve r se  dimension of i t s  s p a t i a l  modes l a r g e r  than  1 c m ,  and 
output  energy of l J  (assuming 100% l o s s ) , a  is  smaller than  50 kHz/ps.  

The s a l i e n t  f e a t u r e s  of t h i s  q u a l i t a t i v e  a n a l y s i s  of frequency sweeping 
mechanisms are depic ted  i n  F igure  3. Although frequency v a r i a t i o n s  appearing b e f o r e  
t h e  ga in  swi tch  sp ike  maximum (GSSM) a r e  presented ,  only those  occur r ing  nea r  o r  
a f t e r  t h e  GSSM c o n t r i b u t e  t o  t h e  s p e c t r a l  broadening of t h e  laser pulse .  

TRANSVERSE MODE DISCRIMINATION 

It i s  important  t o  ana lyze  t h e  p r o p e r t i e s  of t he  lowest  o rde r  t r a n s v e r s e  modes 
i n  an  uns t ab le  r e sona to r  c a v i t y  which i s  a p p r o p r i a t e  f o r  a TEA-CO2 laser. Often 
t h e  mode l o s s  s e p a r a t i o n  of t h e  f i r s t  2-3 modes i s  small enough such t h a t  i f  t h e  
lowest- loss  mode s u f f e r s  incrementa l ly  due t o  s p a t i a l  ho le  burning o r  some o t h e r  
s p a t i a l  nonuniformity,  t h e  appearance of ano the r  t r a n v e r s e  mode during a p o r t i o n  of 
t h e  p u l s e  d u r a t i o n  may r e s u l t .  It has  been pointed o u t  by Weiner [ r e f .  101 t h a t  
t h e  u n s t a b l e  r e sona to r  mode l o s s  d i sc r imina t ion  i s  s e n s i t i v e  t o  t i l t ,  such t h a t  t h e  
o p t i c a l  ax is ,  which i s  determined by the  l i n e  through the c e n t e r s  of cu rva t ive  of 
t h e  c a v i t y  de f in ing  mi r ro r s ,  i n t e r s e c t s  the  output  coupler  a t  an  of f  c e n t e r  
p o s i t i o n .  The degree of t ilt  can be descr ibed by t h e  normalized o f f - ax i s  d i s t a n c e s  

€ X , Y  
t i o n  of t h e  output  coupl ing o p t i c  i s  represented  by t h e  shaded square ,  which i s  o f f -  
s e t  wi th  r e s p e c t  t o  t h e  laser output  i n t e n s i t y  pa t te rn . )  The o p t i c a l  axis  i n t e r s e c t s  
t h e  output  coupler  a t  t h e  o r i g i n  of coordinates .  

= hx,y/a2x,2y, as depic ted  i n  Figure 4 .  ( I n  F igure  4 t he  r e f l e c t i v e  por- 

Weiner analyzed t h e  e f f e c t s  of 
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off -ax is  t i l t s  on mode-loss d i s c r i m i n a t i o n  f o r  a h igh  equivalent-Fresnel-  
number example (Neq=9.6), us ing  c a l c u l a t i o n s  based on t h e  asymptot ic  technique.  

To analyze the t r a n s v e r s e  mode p r o p e r t i e s  of t h e  TEA laser p o s i t i v e  branch 
uns t ab le  resonator  i n  a more gene ra l  f a sh ion ,  w e  u se  t h e  Huygens-Fresnel i n t e g r a l  
equat ion  f o r  a one-dimensional ( s t r i p  r e sona to r )  case [ r e f .  111 t o  d e f i n e  eigenfun-  
c t i o n s  wm(x) 
ampli tude d i s t r i b u t i o n s  and the energy l o s s e s  and phase s h i f t s  p e r  round t r i p  i n  
t h e  cav i ty .  Applying symmetry arguments t o  t h e  or thogonal  dimension, t h e  two- 
dimensional t r ansve r se  mode shape,  f r a c t i o n a l  power loss and mode frequency are 

and eigenvalues  y m  = ym exp ( i + m ) ,  corresponding t o  t h e  mode 

I g iven  by : 

umnq =x + c($m + + n  - 2kL) 
2L 2lT L 

I n  o rde r  t o  so lve  t h e  i n t e g r a l  equat ion ,  an  i t e r a t i v e  method ( t h e  Prony method) 
w a s  used. This was f i r s t  app l i ed  by Siegman and Miller [ r e f .  121 t o  t h e  case of 
a symmetric resonator  with c i r c u l a r  mir rors .  An i t e r a t i v e  method i s  p r e f e r a b l e  
t o  t h e  asymptotic method f o r  low Fresne l  number. 

To i l l u s t r a t e  an  example of t h e  e f f e c t s  of a s l i g h t  of f -ax is  t ilt  on mode- 
l o s s  s e p a r a t i o n ,  w e  have t a b u l a t e d  i n  Table I the r e s u l t s  of t h e  mode loss 
c a l c u l a t i o n s  f o r  t h e  t h r e e  lowest o rde r  modes, comparing t h e  on-axis case wi th  
t h e  case f o r  which E = 0.3. 
f o r  t h i s  case. It i s  noteworthy t h a t  t h e  lowest o r d e r  mode l o s s  s e p a r a t i o n  i s  
q u i t e  small f o r  t he  on-axis case but changes d rama t i ca l ly  f o r  E: = 0.3. I n  f a c t ,  
our a n a l y s i s  i n d i c a t e s  t h a t  experimental  alignment t o l e r a n c e s  which r e s u l t  i n  a 
small but  non-zero va lue  f o r  E ,  even when onaxis  symmetry i s  t h e  goa l ,  w i l l  
r e s u l t  i n  a much l a r g e r  mode-loss sepa ra t ion  than* is  ind ica t ed  i n  t h e  i d e a l  E = 0 
case. However, an i n t e n t i o n a l  t i l t  i n  o rde r  t o  achieve  a va lue  f o r  E i n  t h e  
neighborhood of 0.25 - 0.5 should d e f i n i t e l y  h e l p  t o  ensu re  s i n g l e  t r a n s v e r s e  
mode o s c i l l a t i o n  throughout t h e  laser pulse .  

The Neq = 1.3 and t h e  magni f ica t ion  f a c t o r  M = 2.2 

TABLE I. UNSTABLE RESONATOR MODE LOSSES (%) 

Mode index,  On-axi s Off -axis  
(m,n> (even symmetric) (a=0.3) 

80.0 
80.9 
81.8 

EXPERIMENT RESULTS AND DISCUSSION 

65.2 
80.0 
88.5 

Two examples which are t y p i c a l  d i s p l a y s  of t h e  TEA-CO2 laser p u l s e  shape and 
corresponding ch i rp  record are shown i n  F igures  5 and 6. 
c h a r a c t e r i s t i c  a t  t h e  beginning of each pu l se  can be a t t r i b u t e d  t o  t h e  p lasma 

The decreas ing  frequency 

58 



decay. The d o t t e d  l i n e  on t h e  f i g u r e  represents  t h e  expected plasma decay e f f e c t .  
A s  expected,  t h e  c h i r p  due t o  t h e  LIMP mechanism is  less than  100 kHz. The same 
r e s u l t s  were obta ined  when w e  s h i f t e d  t h e  i n j e c t i o n  frequency by 60 MHz wi th  r e spec t  
t o  t h e  t r a n s i t i o n  c e n t e r  frequency of t h e  atmospheric p re s su re  broadened TEA l i n e .  
I n  o t h e r  words, any e f f e c t  of mode p u l l i n g  towards t h e  l i ne -cen te r  frequency was 
n o t  d i s c e r n i b l e .  The record  shown i n  Figure 5 r evea l s  a l a r g e  frequency s h i f t  
(7-8 MHz) which appears  j u s t  a f t e r  t h e  gain-switched-spike and d isappears  synchron- 
ous ly  wi th  t h e  sha rp  ampli tude s p i k e  a t  1.5 ps. The occurrence of such sudden 
frequency s h i f t s  was found t o  be s t r o n g l y  dependent on t h e  alignment of t h e  laser 
c a v i t y  i n  t h e  reg ion  near  t h e  "on-axis" conf igura t ion .  These frequency s h i f t s  
were not observed f o r  a s l i g h t l y  misaligned "off-axis" conf igu ra t ion ,  which w a s  a 
s u r p r i s e  t o  us  u n t i l  t h e  t r a n s v e r s e  mode s t u d i e s  w e r e  accomplished. The nuneri.ca1 
a n a l y s i s  of t h e  t r a n s v e r s e  modes of t h e  uns tab le  r e sona to r  with c h a r a c t e r i s t i c s  
matching o u t  TEA-CO2 laser provides  a p l a u s i b l e  i n t e r p r e t a t i o n  of these r a t h e r  
l a r g e  frequency s h i f t s .  The s i g n i f i c a n t  d i f f e rence  i n  s p a t i a l  i n t e n s i t y  d i s t r i -  
bu t ions  of the two most dominant t r ansve r se  modes provides  a reasonable  mechanism 
f o r  t h e  sudden appearance and disappearance of the next  h ighe r  mode j u s t  a f t e r  t h e  
GSS. The medium i s  h igh ly  s a t u r a t e d  j u s t  a f t e r  t h e  GSS, and s p a t i a l  v a r i a t i o n  i n  
t h e  degree of s a t u r a t i o n  might a l low t h e  second mode t o  g a i n  t h e  advantage f o r  a 
per iod  of t i m e .  This would be most probable when the mode-loss s e p a r a t i o n  i s  
small. 

The r e sea rch  descr ibed  i n  t h i s  paper was c a r r i e d  out  by the Jet  Propuls ion  
Laboratory,  C a l i f o r n i a  I n s t i t u t e  of Technology, under c o n t r a c t  wi th  t h e  Nat iona l  
Aeronaut ics  and Space Adminis t ra t ion and was performed whi le  Gerard Ancel le t  he ld  
a NRC-NASA Resident  Research Assoc ia tesh ip  award a t  t h e  Jet Propuls ion  Laboratory.  
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Figure  1. Op t i ca l  block diagram of coherent l i d a r  system us ing  an  i n j e c t i o n -  
c o n t r o l l e d  TEA-CO2 laser  transmitter wi th  a n  uns t ab le  r e sona to r  
cav i ty .  
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Figure  2. Block diagram of heterodyne de tec t ion  appa ra tus  f o r  frequency c h i r p  
measurement of TEA-C02 laser n-lse. Y-A 
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b-4 PLASMA DECAY 
MODE PULLING 

1-b THERMAL GRADIENTS 

Figure  3.  Semi-quant i ta t ive dep ic t ion  of t h e  temporal dependence of t h e  p u l s e  
output  f requency,  assuming a s e l e c t e d  c a v i t y  mode near  t h e  low- 
p res su re  l a s e r  t r a n s i t i o n  c e n t e r  frequency. 

OUTPUT PATTERN 

Y 
h 

Figure  4 .  Geometry of t h e  of f -ax is  case  i n  which t h e  output  i n t e n s i t y  p a t t e r n  
(wi th  approximately square  e x t e r i o r  dimensions) i s  d i sp laced  from t h e  
c e n t r a l  r e f l e c t i v e  pa t ch  ( a l s o  squa re )  of t h e  output  coupler .  
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Figure  5. Example of t h e  i n t r a p u l s e  frequency v a r i a t i o n  when a sudden jump t o  
a second t r a n s v e r s e  mode occurred j u s t  a f t e r  t h e  GSSM. 
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Figure  6. Example of t he  i n t r a p u l s e  frequency v a r i a t i o n  when o s c i l l a t i o n  was 
maintained on a s i n g l e  t r ansve r se  mode as w e l l  as s i n g l e  l o n g i t u d i n a l  
mode. 
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